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ABSTRACT

Conventional SC realisations of wide band filters demand
large capacitance spread and exhibit serious sensitivity
problems. The UL-LU structure is a ladder type simulation
which demonstrates superior sensitivity performance and
maintains low capacitance spread. Results from fabricated
devices confirm the predicted properties.

INTRODUCTION

The voice band frequency range normally extends from
300Hz to 4KHz. The difficulty of designing filters in this
range is that the relative bandwidth, defined by,

RBW = (0t - ™) /up oy = (ot - w172 (1)
is quite high. Switched—capacitor (SC) realisations of such
wide band filters will have large capacitance spread and
serious sensitivity problems.

LUD type ladder simulations have been proposed as
alternatives to conventional filter structures. In this paper, a
novel variant of the LUD simulation method will be
presented yielding circuits with special application to voice
band filtering. The design of a practical circuit for a mobile
telephone application will be illustrated. It has low
capacitance spread and low sensitivity which are important to
reduce silicon area and ease the design requirements of the
amplifiers and switches compared to other solutions [1].

WIDEBAND FILTER DESIGN

An audio receive filter for mobile telephony applications
typically has a wide passband which extends from 300Hz to
3KHz and exhibits a -20dB/decade slope for frequency
de-emphasis. A notch is included to remove unwanted mixed
down frequencies which are close to the upper passband

e.

& If the specification is met by a function with an
elliptic-type zero distribution a very large capacitance spread
will be incurred. The zeroes in the lower stopband create
very large time constants which require large capacitors.
Alternatively, if these zeroes are avoided by choosing an
all-pole approximation with zeroes at zero and infinite
frequency the required order will be very high. A
compromise is to use a function with all lower band zeroes
at zero frequency and elliptic-type zeroes in the upper
stopband. Since the lower band edge of the filter is at low
frequency, the movement of the lower band zeroes to the
origin has only a slightly deleterious effect on the (filter
characteristic. Such a transfer function which meets the
required template is shown in Fig.l. It is a 10th order
function with a third order zero at the origin, a pair of
imaginary axis zeroes and two pairs of mirror image real
axis zeroes. The latter zeroes are specially placed to cause

negative element values in the passive prototype which
cancel components in the SC simulation {[2].

A comparison of sensitivity has been made for a
number a different realisations [3-5] and the results are
shown in Fig.2. The sensitivity measure being used is:

c{ OSitH(w)I 212
- (1)
i 1H(w) | aci

It can be seen that both left-LUD and coupled-biquad
circuits suffer from a low frequency sensitivity peak, whereas
the leapfrog and cascade-biquad circuits exhibit poorer
sensitivity performance at the higher band edge. The new
UL-LU structure maintains a low sensitivity over the whole
passband. Table 1 gives a comparison of capacitance cost
and highlights the penalty of choosing a leapfrog realisation.
The conclusion of these studies is that the UL-LU structure
offers the best solution to this filtering problem. Fig.3 shows
the structure of a passive prototype synthesised from this
transfer function. Note that the position of a series capacitor
between the first and second nodes is required to ensure
E-type terminations in the SC circuit realisation shown in
Fig.4. The simpler structure of the filter towards the output
is due to the cancellation of feedthrough capacitors by
specially positioned real axis zeros. The circuit uses a clock
frequency of 128kHz and has been fabricated onto silicon
using a 3pum single metal, double poly, 5V process. The size
of the filter is 3027um by 894pm which is relatively small
considering the complexity of the response. Passband details
of the measured frequency response can be seen in Fig.5.
The response meets the template very well and over a
number of devices there was hardly any deviation whatever,
illustrating the low sensitivity of the filter.

DERIVATION OF THE UL-LU STRUCTURE

A ‘brief derivation of the UL-LU method is given as it
is a novel variant of the LUD circuit family [S]. Start from
the nodal equation of a passive prototype ladder,

(sC+slr+c)v=1 3)
A bilinear transformation s » (2/T)(1-z"1)/(1 +z‘1) yields
2 1 -2z T 1+z!
[________c+__ I‘+G]V-J 4
T 1421 2 1-z!
A pair of LDI integration operators is defined by
& = 1/(1-z71) v =z 1/(1-z"1) (5)

1

Rearrange (4) as (—A+ 3B +D) V= (142)J (6a)
v
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A= 2/TC+T/2I+G B =4T" D = 2CG (6b)
And let A=1U, L, B = Ly U, (7)
Define

W, = v IL,v+u,-13)  wy = UV Dy =Dyl (8)
The upper triangular matrix U, and lower triangular matrix
Ly are defined (see Appendix) to satisfy the identity
Upg Ly = Lps Up 9
Then (6a) can be linearised w.r.t. the LDI operators (5) as
Uy, Wy = -[(dLy + DoIWL] - J (10a)
Lpg Wp = ¥ Upg Wy - Uy U,~10 (10b)

Notice now that the output is wyp,. As Uy is upper
triangular wy,, differs from the output by only a constant.
The realisation procedure for (10) by an SC circuit follows
matrix methods [7-8].

CONCLUSIONS

This paper has examined the problem of designing
voice-band SC filters with wideband specifications. Such
filters do not have satisfactory realisations by conventional
design techniques due to excessive area requirements or
sensitivity to component value deviations. Low frequency
notches which cause the large component spread are
eliminated by designing a transfer function with lower band
zeroes at the origin. A new ladder simulation structure has
been proposed to overcome the sensitivity problems of other
realisations. A 10th order filter with sloping passband
response has been fabricated and the measured results verify
that difficult audio frequency responses can be met
practically using a relatively small area of silicon.

APPENDIX

When A and B are tridiagonal, L, and Uy are also
tridiagonal as well as triangular. Separate the diagonal and
off-diagonal parts of the matrices

Ly = Lag + Lao Up = Upg + Upo 11)
where L,q and Lyy are diagonal matrices, L,, has non-zero
entries only on the first lower off diagonal and Uy, has
non-zero entries only on the first upper off diagonal,

0 0 *
* 0 0 *
Lao = Upo =
. L
* 0 0
where * stands for the non-zero entries. (12)

In (9) assume that U, and Lyg are also tridiagonal and

triangular matrices. Separate U,g and Lyg as

Uas = Lps = Lbsd + Lbso  (13)

as asd + Uaso

Equate the different parts of (9) according to the position of
the non-zero entries,

Uasdlao = LbsoUbd (14a)
Uasolad = LbsdUbo (14b)
asdlad + Uasolao = LbsdUbd + LbsoUbo (14¢)

Since in (14a—c) the number of constraints is less than the
number of variables, we can assign
=1 (s)

which guar:mtees the realisability of system (10). From (14)
and (15) we have

Uasd =(Lad'LaoUbd_lUbo) ~Ix( Upa-UpoLad ™ Lao) (16)
and the remaining variables can be solved from (14)

Lhso = ascll‘aoUbd—1 Uaso = Ubo'-'ad-1 (17)

The matrices in (16) and (17) may be singular and the
normal inverses do not exist. In these circumstances
Moore-Penrose's generalised inverse can be used [9]. As the
matrices in (16) and (17) are all diagonal, the procedure to
obtain their Moore—Penrose inverse is very simple. The
Moore-Penrose inverse of a diagonal matrix
D=diag[d;q,...,dpn] is also a diagonal matrix given by
M=diag[my1,...,mp,] with

1/dii if d;;#0 (18a)
mij = { ‘
0 if dj;=0 (18b)
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STRUCTURE TOTAL CAPACITANCE CAPACITANCE SPREAD
UL-LU 746.4 113.1

LUD 703.3 112.5
LEFT-DIRECT 756.4 112.5
LEAPFROG 1734.7 957.8

BIQUAD 728.8 122.5

Table 1 Comparison of capacitance costs for filter realisation
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